INTRODUCTION {#s1}
============

Teeth are important organs required for eating and speaking, and tooth loss is a common problem for society. The biological replacement of missing teeth is the ultimate goal for clinicians, either by implanting a bioengineered tooth or by stimulating dental tissue to form a new organ. To accomplish this goal it is necessary to understand the mechanisms involved during tooth initiation. Teeth can be formed *de-novo*, i.e. initiate for the first time from new placodes, or can be formed in succession, i.e. initiate from pre-existing dental tissue. This last method, known as successional tooth development, can be observed during the formation of molar teeth in mammals, including human permanent molars and mouse molar development. In both species, a single molar placode at the back of each jaw quadrant gives rise to three molars that sequentially bud off from each other ([@BIO013672C17]; [@BIO013672C22]). In the case of the mouse, the first molar initially forms at embryonic day (E)11 as a thickening of the dental epithelium. The second molar subsequently develops from the posterior edge of the first molar at E16 ([@BIO013672C16]). Finally, the third molar forms postnatally from the distal edge of the second molar ([@BIO013672C3]). Using 3D reconstructions, the molars appear to grow as swellings on a mound of dental epithelium ([@BIO013672C24]). Textbooks indicate that tooth initiation of the first teeth is different from the initiation of successional molars, and that a backward extension of the dental lamina burrows beneath the epithelium of the oral mucosa, successively giving rise to epithelial outgrowths forming the tooth germs for the second and third molars ([@BIO013672C21]). When the molar placode is dissected out and cultured *in vitro* at E12 the complete molar dentition forms in sequence maintaining the normal crown shapes and proportions ([@BIO013672C17]). At this early stage of dental development, therefore, all the patterning information to create successional teeth is already present in the molar placode. Culturing the molar placode is a common tool in dental research and has been used to understand the control of the tooth number and cusp pattern ([@BIO013672C13]; [@BIO013672C16]).

At E14.5, when the first molar tooth germ has reached the cap stage and the second molar is about to initiate, the dental epithelium extends out further than the tooth germ in the anterior and posterior direction. The ontogeny of the anterior region is well studied as this region contains rudimentary diastemal buds, of which the most posterior contributes to the first molar ([@BIO013672C26]). The posterior region, which we refer to as the molar tail, is the site where new molars are added. The tail is distinguishable at E14.5 as a finger-shaped bulge at the most distal end of the first molar, corresponding to the future second molar tooth germ ([@BIO013672C24]). This bulge is also observed at E17.5 and postnatal day (P)0, corresponding to the developing third molar ([@BIO013672C3]; [@BIO013672C24]). It is not clear from what part of the dental epithelium, the second and third molars develop. Similarly in humans, the origin of the second permanent molar is controversial. It has been suggested that it could derive from a lingual epithelial projection of the first permanent molar, however, because the lingual projection of the first permanent molar is still discernible even in specimens with the second permanent molar, it is possible that the primordium is derived from the distal end of the dental lamina ([@BIO013672C22]). It is also not fully understood how the dental cells are arranged in the dental epithelium, for example, whether cells for the first, second and third molar are determined in rows at early stages and then expand distally, or whether they emerge after the predecessor tooth germ has started to develop.

The transcription factor SRY (sex determining region Y)-box 2 (Sox2) has been identified as a dental epithelial stem cell marker during mouse tooth development ([@BIO013672C14]). During successional tooth development, Sox2 is expressed in the dental lamina of primary molars and in the posterior tail ([@BIO013672C36]a). Moreover, Sox2^+^ cells have been shown to be involved in the control of the formation of successional teeth in animals with multiple generations of teeth ([@BIO013672C9]; [@BIO013672C15]b). Tracking of Sox2^+^ cells has shown that they contribute to the epithelium of the developing second and third molars in the mouse ([@BIO013672C15]b). The key role of Sox2 in tooth development has been shown by conditionally deleting Sox2, resulting in aberrant formation of the dental epithelium ([@BIO013672C15]b). A second Sox transcription factor expressed during dental development is Sox9. Sox9 is a neural, pancreatic and pituitary stem/progenitor cell marker ([@BIO013672C8]; [@BIO013672C27]; [@BIO013672C30]). Although Sox9 is well studied in these organs its expression has only briefly been studied in the tooth, where it has been shown to be expressed in the dental epithelium including the stellate reticulum, the core of the epithelial organ of the tooth germ ([@BIO013672C19]).

Here, we have studied the composition, the cellular origin and the fate of the molar tail. For this we have utilised immunofluorescence, transgenic reporter mice and 3D reconstructions to comprehensively examine the topography over this region. We observed that the molar tail contains different epithelial layers, similar to the enamel organ, and that its lingual basal epithelium and the adjacent oral epithelium strongly express Sox2, while the suprabasal dental epithelium strongly expresses Sox9. Lineage tracing to investigate the origin and fate of the tail of the molar showed that at E14.5 the tail contains cells destined to be part of the second and third molar. Additionally, clonal analysis in the mT/mG transgenic mice and the expression pattern of *Snail2* suggest the molar tail is formed by posterior cell movement, followed by an infolding process and lateral growth by stratification.

RESULTS {#s2}
=======

The dissected molar region gives rise to three molars in culture that appear sequentially from its posterior end {#s2a}
----------------------------------------------------------------------------------------------------------------

In order to visualise morphological changes and the timing of appearance of successional molars in culture, we dissected out the first molar placode and its posterior tail ([Fig. 1](#BIO013672F1){ref-type="fig"}A, M1 and arrowhead) and performed organotypic culture over 7 days. At 1 day of culture, the second molar germ started to develop posterior to the first molar from the region of the tail ([Fig. 1](#BIO013672F1){ref-type="fig"}B, M2) and continued growing at 2 days ([Fig. 1](#BIO013672F1){ref-type="fig"}C, M2). From day 5 to 7, the third molar germ appeared and grew posterior to the second molar ([Fig. 1](#BIO013672F1){ref-type="fig"}D,E, M3). All these molars germs grew sequentially in relation to a suprajacent oral epithelium ([Fig. 1](#BIO013672F1){ref-type="fig"}G, green sheet in schematic) that appeared in continuity with the tip of the molar tail in culture ([Fig. 1](#BIO013672F1){ref-type="fig"}B-D, arrowhead; [Fig. 1](#BIO013672F1){ref-type="fig"}F, arrow). To get an idea of the dynamic movements involved we constructed a morphed movie from the sequential images ([Movie 1](Movie 1)). Fig. 1.**Three molars successionally develop in culture.** (A-E) Development of a molar explant including the first molar germ and its tail after (A) 0 day, (B) 1 day, (C) 2 days, (D) 5 days and (E) 7 days. (F) Histological section of the explant in A-E after 7-days of culture, arrow shows the continuity between the dental and oral epithelium. Arrowheads show the distal molar tail. (G) Schematic representation of the development of the three molars. Oral epithelium is shown in green and tooth germs in blue. Arrow shows continuity of tooth germ epithelium with suprajacent epithelium. M1, M2 and M3 are the first, second and third molar respectively. Scale bar in A: 500 µm, B-E similar magnification for A.

Cells at the tip of the molar tail do not contribute to the formation of the immediate successional molar {#s2b}
---------------------------------------------------------------------------------------------------------

The fact that new molars appear in the region of the molar tail, prompted us to identify what portion of the tail contributes to the second and third molars. To assess this, we performed molar explants and manually cropped the molar tail at the tip (cutting out one third of the tail; [Fig. 2](#BIO013672F2){ref-type="fig"}C) or close to the base (cutting out two thirds of the tail; [Fig. 2](#BIO013672F2){ref-type="fig"}E). When the tail was removed at the base the formation of the second molar was inhibited in 3 of 3 cases ([Fig. 2](#BIO013672F2){ref-type="fig"}C,D). However, when only the tail tip was cropped the second molar germ was formed in 2 of 3 cases, but no extra budding toward a third molar formation was observed compared to control cultures ([Fig. 2](#BIO013672F2){ref-type="fig"}F compare to arrowhead in [Fig. 2](#BIO013672F2){ref-type="fig"}B). Fig. 2.**The successional molars are generated from the molar tail.** (A-F) Molar cultures from E14.5 after (A,C,E) 0 day and (B,D,F) 2 days. (A,B) Control cultures, (C-F) molar tail ablations. The complete (C,D) or only the tip (E,F) of the molar tail were dissected. The molar tail and cropped region are outlined with black and red dots respectively. (G-O) E13.5 molar tail labelled with DiI and followed in culture after 6 days. (G-I) 1 day, (J-L) 2 days and (M-O) 6 days of culture. (G-I) DiI labelling was performed at the anterior (magenta arrows), medial (green arrows) and posterior (blue arrowheads) regions of molar tail after 1 day of culture. Arrowhead indicates the developing third molar field. (J-O) DiI labels were incorporated in the developing second (magenta and green arrows) and third (blue arrowheads) molars. (G,J,M) Brightfield images, (H,K,N) eepifluorescence images, (I,L,O) schematic diagrams. M1, M2 and M3 are the first, second and third molar respectively. Scale bars: 500 µm.

We analysed if at E14.5 the first molar tail contained predetermined regions for the second and third molars by lineage tracing the tail (*n*=4). We labelled the tail of the E14.5 first molar using DiI in three regions along the tail and followed molar development in culture. None of the DiI spots were diluted or visibly expanded. Some DiI spots appeared to project into the dental mesenchyme region due to epithelial cells wrapped around the mesenchyme as the tooth developed. From anterior to posterior, the first and the second DiI labels, were incorporated into the developing second molar ([Fig. 2](#BIO013672F2){ref-type="fig"}G-O, green arrows). The posterior label, which slightly touched the second label at day 0, was maintained at the tip, which started to acquire third molar morphology after 6-day of culture ([Fig. 2](#BIO013672F2){ref-type="fig"}G-O, blue arrows). These results indicate that at E14.5 the cells in the first molar tail have two different fates: the anterior region contribute to the second molar and the most posterior tip to the third molar.

The posterior tail of the molar is continuous with the superficial epithelium {#s2c}
-----------------------------------------------------------------------------

Adult mice display three molars that develop sequentially toward the back of the mouth ([Fig. 3](#BIO013672F3){ref-type="fig"}A,B). As shown in [Fig. 1](#BIO013672F1){ref-type="fig"}, new molars appear from the posterior tail of the molar dental epithelium, we therefore aimed to analyse the morphology of this region in whole mount dissection of non-cultured samples. From an oral view of a freshly dissected E14.5 mandible, the entire molar dental epithelium acquires a dolphin-like shape: with an anterior mouth; a middle belly, which corresponds to the first molar germ; and a posterior tail that forms a curve toward the oro-lingual plane ([Fig. 3](#BIO013672F3){ref-type="fig"}C,D). 3D reconstruction of confocal optical sections of Keratin 5 labelled epithelium, showed that the tip was continuous with the oral surface and therefore the posterior border was not clearly defined ([Fig. 3](#BIO013672F3){ref-type="fig"}D,E, arrowheads). Using nuclear staining, the tail could be subdivided into three distinct epithelial compartments: the basal layer, divided into lingual and labial dental epithelium, and a suprabasal epithelium flanked by the two basal layers ([Fig. 3](#BIO013672F3){ref-type="fig"}F,G, scheme in [Fig. 3](#BIO013672F3){ref-type="fig"}H). The epithelium of the tail therefore has diverse zones with its most distal tip connected to the superficial epithelium. The distal end of the tail will be referred to as the dental epithelial tip ([Fig. 3](#BIO013672F3){ref-type="fig"}G, scheme in [Fig. 3](#BIO013672F3){ref-type="fig"}H). Fig. 3.**The molar tail is linked to the superficial epithelium.** (A) Adult and (C) E14.5 dissected mandible. (B,D) Enlarged view of the framed regions in A and C, respectively. (E) *Z*-stack projection of a molar dental epithelium immunostained for Keratin 5. Arrowheads in D and E show the connection between the molar tail and the superficial epithelium. (F,G) DNA staining of an E14.5 molar tail showing a (F) deep and (G) superficial plane. (H) Schematic of the molar tail showing the oral and dental epithelium. Scale bars: 2 mm in A; 1 mm in C; 200 µm in E; 100 µm in G.

No evidence of localised proliferation but orientated cell division in the molar tail {#s2d}
-------------------------------------------------------------------------------------

To investigate whether localised proliferation of the epithelial tip was involved in successional tooth development we assessed the levels of proliferation by BrdU labelling. Growth and elongation of the molar tail was prominent between E13.5 to E14.5, and so this time point was chosen for analysis. Mouse embryos were exposed to BrdU at E13.5 for 24 h and fixed at E14.5. BrdU incorporation was quantified in the oral epithelium, lingual, suprabasal, and labial dental epithelium and in the dental epithelial tip ([Fig. 4](#BIO013672F4){ref-type="fig"}A-N). The dental epithelial tip incorporated BrdU in 31% of the cells ([Fig. 4](#BIO013672F4){ref-type="fig"}A-C, arrowhead; [Fig. 4](#BIO013672F4){ref-type="fig"}G-I,M, zoom) with a slightly reduced incorporation in the rest of the tail (19% to 23%; [Fig. 4](#BIO013672F4){ref-type="fig"}D-F,J-L,M), although the difference was not statistically significant ([Fig. 4](#BIO013672F4){ref-type="fig"}M). Interestingly, the nuclei in the tip had punctate BrdU retention, compared to the rest of the tissue, which showed a mix of punctate and homogeneous BrdU labelling ([Fig. 4](#BIO013672F4){ref-type="fig"}H compare to [Fig. 4](#BIO013672F4){ref-type="fig"}E,K). Punctate BrdU retention could indicate greater dilution of the initial incorporation due to replication. In addition to proliferation, changes in the orientation of cell division have been shown to lead to changes in the shape of developing organs ([@BIO013672C6]; [@BIO013672C23]). We therefore assessed the orientation of mitotic figures in anaphase in the molar tail, focusing on couples of segregated chromosomes located in the basal-suprabasal epithelium ([Fig. 4](#BIO013672F4){ref-type="fig"}O-R). Interestingly, the majority of the mitotic figures followed an apico-basal plane ([Fig. 4](#BIO013672F4){ref-type="fig"}R). Cell division is therefore not random but orientated in the molar tail. Fig. 4.**Proliferation at the molar tail is homogenous and oriented in the bucco-lingual plane.** (A-L) Immunofluorescence of E14.5 molar tail stained for BrdU (green), Sox2 (red) and DNA (blue). BrdU injection was performed at E13.5 and fixed at E14.5. Arrowheads in A-C indicate the dental epithelial tip. Arrows in D-L indicate Sox2+ cells that colocalize with BrdU. (D,G,J) Sox2 and BrdU channels, (E,H,K) BrdU channel, (F,I,L) Sox2 channel. D-F, G-I and J-L are magnifications of the lingual dental epithelium, epithelial tip and oral epithelium, respectively in the region indicated by the color code in C. (M,N) Quantification of BrdU-positive cells (M) and of Sox2+/BrdU+ and Sox2−/BrdU+ cells (N) in the epithelial layers of the molar tail. Bars and error bars in M correspond to mean±s.e.m. (O-Q) DNA staining of the tail of the first molar. (P,Q) Magnifications of the framed areas in O. Anaphases are highlighted by the red circles, with lines indicating the orientation of division. (R) Plot of the anaphase axis orientation, an axis parallel to basal lamina is 0° and a perpendicular axis is 90°. The number of anaphases detected are shown in blue. Scale bars: 100 µm.

Evidence of cell migration and infolding in the molar tail {#s2e}
----------------------------------------------------------

The mechanism that drives the growth of the molar tail is unclear. Classical texts describe that new molars form as a posterior projection of the first molar dental epithelium. Our results show that the tail is also proliferating in a lingual-buccal direction, however this mechanism does not explain the observed posterior elongation of the molar tail. The transcription factor Snail is involved in the downregulation of E-cadherin to reduce intercellular adhesion required for epithelial cell movement ([@BIO013672C33]). Reduction of basement membrane proteins such as laminin are observed in Snail expressing cells ([@BIO013672C11]). In the molar tail, the deep and superficial epithelial layers expressed E-cadherin ([Fig. 5](#BIO013672F5){ref-type="fig"}A,B), however these levels decreased in the distal path close to the surface ([Fig. 5](#BIO013672F5){ref-type="fig"}B, arrowhead). Laminin consistently outlines the lingual and labial dental epithelia ([Fig. 5](#BIO013672F5){ref-type="fig"}C, arrows) but with reduced intensity at the tip ([Fig. 5](#BIO013672F5){ref-type="fig"}C, arrowhead). To confirm whether *Snail2* is expressed in this region, we performed *Snail2 in situ* hybridization at E14.5. We observed *Snail2* mRNA at high levels specifically in the molar tail in sagittal sections ([Fig. 5](#BIO013672F5){ref-type="fig"}D,E). Correlation between increase in *Snail2* levels and decrease in E-cadherin intensity were confirmed by *Snail2* and E-cadherin detection in sequential frontal sections ([Fig. 5](#BIO013672F5){ref-type="fig"}F-I, levels of sections indicated in [Fig. 5](#BIO013672F5){ref-type="fig"}E). For E-cadherin, pseudocolor was used to visualize changes in intensity ([Fig. 5](#BIO013672F5){ref-type="fig"}G′,I′). We observed that, matching the increase in *Snail2* mRNA, E-cadherin intensity was reduced in the tail tip ([Fig. 5](#BIO013672F5){ref-type="fig"}I, arrows; correlate to [Fig. 5](#BIO013672F5){ref-type="fig"}H) when compared to the dental epithelium of the forming first molar ([Fig. 5](#BIO013672F5){ref-type="fig"}G, correlate to [Fig. 5](#BIO013672F5){ref-type="fig"}F), which is at the cap stage at this time point. Fig. 5.**High levels of Slug2 are associated with the tail tip.** (A,B) Single confocal sections of the molar tail stained for E-cadherin (green), showing deep (A) and superficial (B) planes. Note the reduction in intensity of E-cadherin superficially at the tip of the molar tail (arrowhead). (C) *Z*-projection of the molar tail stained for Laminin (white). Arrows show strong expression the edge of the molar tail and arrowhead shows decreased expression in the distal tip. (D-F,H) Snail2 *in situ* hybridization and (G-I) E-cadherin immunofluorescence in the molar developing region at E14.5. (D) Sagital section. The posterior tip is magnified in E as indicated. (F,H) Frontal sections in the levels indicated in D. Snail2 is detected in the epithelial tip of the tail and in the bud, where E-cadherin is decreased (see arrows in H,I). (G′,I′) Pseudocolored intensity of G,I. Scale bars: 100 µm.

Movement of the cells could be coupled to changes in cell shape. In order to understand the cell shape and lineage of the cells of the tail of the molar placode we utilised double-fluorescent *R26R-mT/mG;R26R-CreER* transgenic embryos, which express a membrane-targeted Tomato (mT), a red fluorescent protein that can be excised after pharmacological induction of the Cre recombinase in a clonal manner. After recombination, cells express a membrane-targeted EGFP (mG) ([@BIO013672C20]). In the mT/mG mice induction was adjusted to allow labelling of one cell, hence every group of GFP expressing cells is likely to be a clonal group with the same origin. Similar approaches have been used for clonal analysis in the palate and hair ([@BIO013672C6]; [@BIO013672C31]). In agreement with our oriented cell division analysis and *Snail2* expression, the buccal dental epithelium contained groups of clonal cells that protruded toward the suprabasal dental epithelium ([Fig. 6](#BIO013672F6){ref-type="fig"}E, arrowhead). Most of the GFP-expressing groups of cells that were located superficially in the anterior region of the molar tail did not extend into the placode ([Fig. 6](#BIO013672F6){ref-type="fig"}A-F, white arrow). In contrast, groups of GFP-expressing cells in the tip of the tail extended from the surface to the basal layer ([Fig. 6](#BIO013672F6){ref-type="fig"}A,B,D-F, yellow arrow). Here, a furrow was observed in the surface of the epithelium ([Fig. 6](#BIO013672F6){ref-type="fig"}A, black arrows). Fig. 6.**Appearance of epithelial infolding in the molar tail.** Projections of clonal analysis in the molar tail using the mT/mG transgenic mice. Clones (mG) are in green, membrane (mT) in red and DNA in blue. Yellow arrows show posterior clones and white arrows show anterior clones in the molar tail. Arrowhead indicates suprabasal layer formation. Dotted lines show the basal lamina. (A) Black arrows highlight the dental furrow. (B) Posterior section with clones spanning the thickening. (C) Anterior section with superficial clones. (D-F) Superficial (D), medial (E) and deep (F) planes of the molar tail showing cell shape within the clones. Scale bars: 100 µm.

Collectively, the analysis of *Snail2*, E-cadherin and mT/mG expression suggest that the posterior end of the molar tail grows posteriorly, incorporating basal cells from the superficial epithelium by an infolding process. Then, a suprabasal layer is created by apico-basal proliferation and cell movement. Both mechanisms potentially provide a source of cells to create additional teeth.

Sox2 and Sox9 are expressed in adjacent epithelial compartments within the molar tail {#s2f}
-------------------------------------------------------------------------------------

The re-iterative formation of new successional teeth requires stem cell activation to provide a constant source of cells. We therefore evaluated the expression of known epithelial stem and progenitor cell markers. Sox2 has recently been identified as a dental epithelial stem cell marker contributing to the formation all the epithelial lineages of the tooth ([@BIO013672C14]). By immunofluorescence, Sox2 expression was observed localised to the lingual dental epithelium and the tip of the tail at E14.5 ([Fig. 4](#BIO013672F4){ref-type="fig"}A-L). Sox2 was also expressed in the lingual oral epithelium that was coupled to the Sox2^+^ lingual dental epithelium ([Fig. 4](#BIO013672F4){ref-type="fig"}A,C). We investigated proliferation in the Sox2^+^ cells using our BrdU incorporation assay (injected at E13.5 fixed at E14.5). We observed that most of the BrdU^+^ cells of the lingual-oral, lingual-dental epithelium and dental epithelial tip were Sox2^+^ (85%-91%; [Fig. 4](#BIO013672F4){ref-type="fig"}N). In contrast, the proliferating cells that incorporated BrdU in the labial and suprabasal epithelium were predominately Sox2 negative (57%-66%; [Fig. 4](#BIO013672F4){ref-type="fig"}N). These results indicate that from the moment of the injection (E13.5) the proliferating cells were predominately Sox2^+^ cells.

We also investigated the expression of Sox9, a second member of the family of Sox transcription factors known for its role as a progenitor cell marker ([@BIO013672C8]; [@BIO013672C27]). Sox9, was expressed mainly in the suprabasal dental epithelium and in some cells of the labial and lingual dental epithelium ([Fig. 7](#BIO013672F7){ref-type="fig"}D-E). In frontal sections at the level of the first molar, Sox9 was expressed in the stellate reticulum, in the outer enamel epithelium and in the dental stalk ([Fig. 7](#BIO013672F7){ref-type="fig"}F). Interestingly, Sox9^+^ cells were few or absent in the Sox2^+^ regions: the oro-lingual epithelium and the lingual epithelium of the dental stalk ([Fig. 7](#BIO013672F7){ref-type="fig"}A-C). At E13.5, prior to the formation of the second molar, Sox2 was observed in the oral epithelium and at the very distal region making a U-shape surrounding the dental epithelial tip ([Fig. 7](#BIO013672F7){ref-type="fig"}G). At the same stage Sox9 was widely expressed in the oral and dental epithelium ([Fig. 7](#BIO013672F7){ref-type="fig"}H). At E13.5, therefore, there is considerable overlap between Sox2 and Sox9 expressing regions. At this stage Sox2^+^ cells were concentrated superficially ([Fig. S1A-B](Fig. S1A-B)), with no labelled cells in the deep planes ([Fig. S1C](Fig. S1C)). Fig. 7.**Sox2 and Sox9 are expressed in the molar tail.** Immunofluorescence of the molar tail showing Sox9 (yellow) Sox2 (red) and DNA (blue) at E14.5 (A-F) and E13.5 (G-J). (A,D) middle and (B,E) superficial sections of the molar tail following superficial plane. (C,F) Frontal section of the first molar germ. (G-J) Projections of *Z*-stacks of the molar. Arrowhead shows Sox2^+^ cells behind the molar dental epithelium. (I,J) Posterior views of the planes marked in G. Dotted lines mark the basal lamina. Scale bars: 100 µm.

The molar tail tip retains characteristics reminiscent of the initiating molar placode at earlier stages of development {#s2g}
-----------------------------------------------------------------------------------------------------------------------

During the initiation of the first molar Sox2 is expressed initially throughout the dental epithelium, then, as the molar epithelium continues to thicken and bud, Sox2 becomes restricted to the lingual side ([@BIO013672C15]b; [@BIO013672C35]). Interestingly, a similar pattern of expression was observed at the posterior tail, with the posterior tip showing widespread Sox2 expression, while the more anterior regions showed a restriction to the lingual side ([Fig. 7](#BIO013672F7){ref-type="fig"}I,J; level of section in [Fig. 7](#BIO013672F7){ref-type="fig"}G). At the tip the widespread Sox2 was located in an area of flat epithelium, which thickened anteriorly ([Fig. 7](#BIO013672F7){ref-type="fig"}I,J). Spatial changes in morphology (thickening to invagination) and changes in Sox2 expression (widespread to lingual) in the epithelial tip of the molar tail from posterior to anterior therefore mimic temporal changes observed during tooth development.

DISCUSSION {#s3}
==========

In order to understand how teeth are added sequentially at the back of the mouth it is important to understand the cell dynamics and epithelial topography. Most of the textbook diagrams that describe the morphology of mammalian tooth germs are based on the two-dimensional shape of frontal or sagittal sections. However, the molar dental epithelium morphology is much more complex, as revealed by morphological analysis and 3D reconstructions (this work, [@BIO013672C22]; [@BIO013672C24]). Here, we have analysed the posterior epithelial tail of the molar placode, a place where repetitive organ induction occurs to form new molars. We have followed the development and fate of the posterior tail of the first molar (M1) as the second molar (M2) forms. Although our research is confined to the formation of M2 from M1, the conserved morphology of the tail, suggests that a similar set of mechanisms are present in the posterior tail of M2 as the third molar (M3) is formed.

Fate of the molar tail {#s3a}
----------------------

We examined the fate of the tail of the first molar by cropping and DiI labelling. We show that the cells at the base of the tail contributed to the formation of the immediate successional molar, with the tip contributing to the third molar. Our results suggest that at E14.5 cells destined to be part of the second and third molar reside in the molar tail. This is in line with the idea that cells for the successional molars are present within the placode in rows at early stages and generate teeth as the tissue grows and elongates. Importantly, new molar development was inhibited after cropping the tail, which suggests a lack of regenerative potential of the remaining tissue to re-form a new tail.

Oriented cell division, epithelial migration and infolding as possible mechanisms for molar tail growth {#s3b}
-------------------------------------------------------------------------------------------------------

As the first molar tail contributes to the formation of new molars we investigated how it elongates posteriorly as the jaw grows. Slightly higher numbers of proliferating cells were detected in the dental epithelial tip compared to the rest of the epithelial tissues of the tail but this was not found to be statistically significant ([Fig. 3](#BIO013672F3){ref-type="fig"}). It is possible that this subtle difference might reach levels of significance if we increased the number of samples counted. These subtle differences in proliferation rate, however, would appear unlikely to be able to drive the extensive elongation of the molar tail. Changes in proliferation have recently been shown not to underlie other epithelial movements, such as closure of the eyelids during eye development ([@BIO013672C12]). Interestingly, epithelial cells can acquire a migratory behaviour during wound healing, and epithelial-mesenchymal transition ([@BIO013672C1]; [@BIO013672C29]; [@BIO013672C33]). In order to migrate, epithelial cells increase Snail2, reducing cell-cell adhesion by decreasing E-cadherin. A breaking down of the basal lamina occurs in the migratory front. The increased Snail2 and decreased E-cadherin/laminin expression at the molar tail tip therefore suggests a migratory component in the dental epithelium. In view of these results, the tail tip could be considered to be driving the posterior growth of the placode by pushing through the mesenchyme at the back of the jaw. In keeping with this, when the tail tip is cut off, posterior growth is stopped.

Once the tail has elongated, it has to growth mediolaterally. Differences in orientated cell division have been implicated as a mechanism for epithelial morphogenesis in oral epithelium ([@BIO013672C5]). Cell division in the tail was shown to be biased in the medio/lateral direction, which coincides with the epithelial cell morphology changes observed in this region. Therefore it is likely that together oriented cell division and delamination contribute to stratification of the dental epithelium of the tail.

It has been described that the posterior aspect of the dental epithelium of a pre-existing molar gives rise to an epithelial bud, which forms the successional molar ([@BIO013672C15]a,b). However, it is not certain from which part of the dental epithelium of the pre-existing molar the successional molar develops. From sagittal views of histological sections, new molars appear to evaginate from the distal part of the outer enamel epithelium ([Fig. 7](#BIO013672F7){ref-type="fig"}). From our 3D reconstructions this region is also clearly connected to the surface ([Fig. 7](#BIO013672F7){ref-type="fig"}) and a ribbon of epithelium situated over the tooth germs was observed connected with the posterior bud ([Fig. 1](#BIO013672F1){ref-type="fig"}F). Our data suggests that this superficial epithelium could be participating in the generation of successional teeth.

Molars can therefore be thought of as having a dual origin, with a contribution from the dental epithelium of the pre-existing tooth (as described by [@BIO013672C15]a,b) but also from the superficial molar tail epithelium. Our clonal analysis using the mT/mG mice, together with the *Snail2*/E-cadherin and laminin expression suggest that a migratory tail is extending backward as the epithelium core incorporates cells by infolding and mitosis. This extension may be particularly important in those unusual mammals that do not restrict themselves to three molars per quadrant but have continuous replacement of teeth posteriorly ([@BIO013672C4]; [@BIO013672C28]). Although molecular data is not available for these animals, we expect an evolutionary conservation of the expression of migratory markers, such as Snail2, in the posterior dental lamina, maintained throughout the animal\'s life to allow extension and development of further molars. It would be interesting to assess whether a furrow, as observed here in the mouse, is also evident at the back of the molars in such animals, indicating incorporation of cells from the surface epithelium.

The molar tail retains characteristics of the early placode {#s3c}
-----------------------------------------------------------

The posterior tail of the first molar is comparable to the early initiating molar in morphology: the lingual and labial epithelia of the tail are equivalent to the outer enamel epithelium, and the suprabasal dental epithelium in the tail to the stellate reticulum. Regarding Sox2 expression, spatial changes in the tail tip from posterior to anterior mimic temporal changes as the molar initiates ([Figs 7](#BIO013672F7){ref-type="fig"} and [8](#BIO013672F8){ref-type="fig"}). Expression of other genes could be studied in the future to confirm whether other dental markers share these temporal and spatial similarities, thereby uniting tooth initiation and successional tooth formation. Fig. 8.**Model for repetitive tooth formation.** (A) Classical view of a developing molar taken from sagittal histological sections, with the tail projected beneath the oral epithelium. (B) Model proposed by the current work: new teeth are formed from the tail of the molar, which is in continuity with the superficial epithelium. The molar tail is formed by a dual contribution from the dental epithelium associated with the pre-existing molar ([@BIO013672C15]a,b) and the posterior part of the tail. The tail tip moves backward (green tip) as the tail core is refilled by infolding (dotted line) and mediolateral cell protrusion by mitosis (paired arrows). (C-F) Schematic of frontal sections of the most posterior end of the molar tail as indicated in B (based on [Fig. 6](#BIO013672F6){ref-type="fig"}), in which the epithelial morphology and Sox2 expression is reminiscent of the Sox2 expression at (C) E11.5 (based on [@BIO013672C35]) and (F) E12.0 (based on [@BIO013672C15]b).

The suprabasal epithelium of the tail is in continuity with the stellate reticulum of the tooth germ. The morphology and Sox9 expression pattern of these two tissues suggest that the stellate reticulum derives from the suprabasal epithelium. Interestingly, both the stellate reticulum and the suprabasal epithelium, referred to as the middle epithelium, have been proposed to be a source of stem cells in the mouse incisor ([@BIO013672C34]) and in polyphyodont chondrichthyan models ([@BIO013672C32]).

Role of Sox9 and Sox2 in the tail {#s3d}
---------------------------------

Similarities between the molar tail and the enamel organ were also observed when Sox2 and Sox9 were compared. Sox2 was mainly localized in the lingual regions of the dental epithelium and Sox9 in the suprabasal dental epithelium and stellate reticulum in the enamel organ of the tooth germ ([Fig. 6](#BIO013672F6){ref-type="fig"}). At E14.5 Sox2^+^ dental populations were more lingual and continuous with a strongly Sox2^+^ oral epithelium. From E13.5 to E14.5 the expression of Sox2 changed, becoming more restricted to the molar tail and it started to be associated with the deeper planes. As Sox2^+^ cells have been shown to be dental epithelial stem cells ([@BIO013672C15]b), and stem cells derive from other stem cells unless they undergo reprogramming, this change in expression suggests that the progeny of Sox2^+^ cells move to deeper locations. When the Sox9^+^ population was present, Sox2 expression was weak, such as in the labial and suprabasal epithelium and on the aboral side of the lingual dental epithelium. In some organs such as the adult pituitary gland, brain and developing inner ear, Sox2 and Sox9^+^ cells coexist and can represent different progenitor stages ([@BIO013672C7]; [@BIO013672C18]; [@BIO013672C25]). Previous research has shown that Sox2^+^/Sox9^−^ cells are stem cell that can derive a Sox2^+^/Sox9^+^ transit-amplifying population representing intermediate progenitors ([@BIO013672C7]). The same mechanism could be present in the molar tail, as Sox2 and Sox9 are expressed in adjacent domains that overlap slightly. We propose that both Sox2 and Sox9 could participate together in determining the stem/progenitor cell state and control the formation of a new tooth.

MATERIALS AND METHODS {#s4}
=====================

Animals and cultures {#s4a}
--------------------

All experimental procedures were performed following the requirements of the King\'s College London genetically modified organisms (GMO) committee and the Home Office. Wild type CD-1 mouse embryos were collected from E12.5 to E15.5. For cultures, the mandibular molar region was dissected out and placed on top of transparent nucleopore filters (VWR) supported by metal grids at the surface of Advanced DMEM/F12 culture medium (Invitrogen) supplemented with 1% penicillin/streptomycin, 1% Glutamax (Invitrogen). The explants were incubated at 37°C/5% CO2, and the medium was changed 3 times/week. For the cropping assays, left and right molar regions from the same mandible were dissected with micro surgical blades (WPI) and used as experimental and control treated cultures respectively. For clonal analysis we utilised double-fluorescent Cre reporter mT/mG transgenic mice ([@BIO013672C20]). These mice ubiquitously express membrane-targeted tandem Tomato (mT), and after Cre excision express membrane-targeted green fluorescent protein (mG). Pregnant female mice carrying *R26R-mT/mG;R26R-CreER* embryos were injected with 4 mg of tamoxifen at E12.5 and the embryos collected at E14.5. The levels of tamoxifen were adjusted to obtain single cell resolution *in vivo*, generating small clones of mG-positive cells ([@BIO013672C20]).

Fate mapping {#s4b}
------------

For fate mapping, DiI (cell tracker CM-DiI, C-7000, Molecular probes) was re-suspended in 100% ethanol and injected into the tail of the molar placode. The position of the DiI label was followed by stereomicroscope observation during the culture period and in sections after the culture.

Immunofluorescence and BrdU incorporation {#s4c}
-----------------------------------------

Whole-mount inmunostaining was performed as described ([@BIO013672C9]), with minor modifications: permeabilization and washes were performed using a PBS-Tr solution containing 1% Triton X-100. DNA was stained with DAPI 1:1000 and samples were mounted using Vectashield. The following antibodies and dilutions were used: Sox2 1:300 (2748s, Cell Signalling), Sox9 1:300 (AB 5535, Millipore), Keratin-5 1:500 (PRB-160P-100, Covance), E-cadherin 1:200 (10R-27500, Fitzgerald), Laminin 1:200 (L9393, Sigma). Alexa Fluor 561 and 488 1:500 were used as secondary antibodies. For BrdU assay, intraperitoneal injection of 10 mg/kg of BrdU was performed in a pregnant female carrying E13.5 embryos. The mother was culled and embryos fixed 24 h after injection. Double BrdU and Sox2 detection was performed as described ([@BIO013672C10]) with the same minor modifications described above for immunostaining.

*In situ* hybridization and immunofluorescence on sections {#s4d}
----------------------------------------------------------

E14.5 embryos were fixed in 4% PFA at 4°C overnight, washed in PBS/DEPC and dehydrated through a methanol series. For embedding, samples were incubated in isopropanol and cleared in 1,2,3,4 tetrahydronaphtalene then embedded in wax and sectioned at 10 µm. For *in situ* hybridization, sections were rehydrated, refixed in PFA 4% for 20 min, permeabilized in 10 μg/ml Proteinase K for 8 min, acetylated in triethanolamine (T58300, Sigma-Aldrich) plus acetic anhydride (100022M, BDH) for 10 min and dehydrated again prior to the addition of anti-sense probe. The *Snail2* probe ([@BIO013672C2]), kindly provided by Angela Nieto, was used at 1 μg/ml and added in hybridization buffer (50% formamide, 20 mM Tris/DEPC pH 7.5, 300 mM NaCl/DEPC, 5 mM EDTA/DEPC, 1× Denhardt\'s solution, 10% dextran sulphate, 0.5 mg/ml tRNA) and incubated at 60°C overnight. Samples were washed in 50% formamide--2×SSC, 2×SSC and 0.2×SSC each one twice for 30 min at 60°C. Sections were washed in TN buffer (100 mM Tris pH 7.5, 150 mM NaCl) and blocked in TN buffer with 10% fetal bovine serum (F90665, Sigma) plus 1% BBR (Boehringer, 1096176) for 1 h-RT and incubated with 1:1000 anti-DIG Alkaline Phosphatase antibody (Boehringer, 1093274) overnight at 4°C in blocking solution. Samples were washed in TN buffer for 1 h and incubated in NTMT (100 mM Tris-HCl pH 9.5, 50 mM MgCl2, 100 mM NaCl, 0.1% Tween 20) twice for 10 min. The colour reaction was developed with BM purple (11 442 074 001, Roche).

For immunofluorescence, sections were rehydrated and treated with Tris-EDTA pH 9 for 30 min at 90°C for antigen retrieval. Endogenous peroxidase was quenched with 3% hydrogen peroxide for 30 min. Sections were blocked in TN buffer plus 0.5% BBR, 10% Serum, 1% BSA and 0.05% Tween 20 for 1 h at RT. Anti-Ecad (ab76319, Abcam) was added 1:350 in blocking solution overnight at 4°C. After washing in PBS 0.05% Tween 20, a biotinilated secondary antibody (E0432, Dako) was added at 1:300 for 2 h at RT. A Perkin-Elmer kit (NEL701A001KT) was used for staining according to the manufacturer\'s instructions and slides were mounted with Fluoroshield DAPI (ab104139, Abcam).

Image processing quantification and statistics {#s4e}
----------------------------------------------

Slice cultures were photographed during the culture period using a Leica MZ FLIII Stereomicroscope. Samples with immunofluorescence and DiI labelling were scanned on a confocal microscope (Leica SP5 laser scanning confocal microscope). Images were processed using Adobe Photoshop. For cultures smart sharpen filter was applied. Morpho-video was made using the software Sqirlz Morph 2.1 (Xiberpix). Morphing was produced by intercalating software-generated images between original frames to obtain a flowing video. The morphed movies are used for illustrative-academic proposes and do not necessarily represent the exact *ex vivo* development of the molar in culture. Oriented cell division was investigated by detecting matched anaphasic figures in the inverted DAPI staining channel by 3 blind observers (*n*=3). The angle between the axis of anaphases and basal layer was measured using the Fiji angle tool, grouped and plotted using Microsoft Excel. For quantification of BrdU incorporation, optical sections from *z*-stacks were used for each sample. B&C threshold were applied similarly to all samples and epithelial areas were demarcated and counted using the cell counter plug-in in ImageJ (NIH). Results were plotted and analysed by two-way ANOVA and Bonferroni\'s post-test using Graph Pad Prism 5 software. Fire pseudocolor LUT was used to measure intensity of the signal in ImageJ. 3D views and shadow projections were processed using Imaris ×64 6.3.1 (Bitplane).
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